We present a systematic study of the 3.0 µm H 2 O ice and the 3.4 µm aliphatic carbon absorption features toward 48 local ultraluminous infrared galaxies (ULIRGs) using spectra obtained by the AKARI Infrared Camera to investigate the UV environment in their star-forming regions. All the ULIRGs in our sample exhibit a ratio of optical depth of H 2 O ice to silicate dust (τ 3.0 /τ 9.7 ) that is lower than that in the Taurus dark cloud. This implies that ULIRGs cannot be described as an ensemble of low-mass star-forming regions and that a significant amount of high-mass star-forming regions contribute to star-forming clouds in local ULIRGs. The results also show that the ratios of optical depth of aliphatic carbon to silicate dust, τ 3.4 /τ 9.7 , exhibit diverse values. We investigate two effects that can affect this ratio: the geometric temperature gradient (which increases the ratio) and the intense UV environment (which decreases it).
. A larger threshold was claimed for a high-mass star-forming region, reflecting a stronger UV environment (Tanaka et al. 1990 ). The existence of thresholds means that the H 2 O ice absorption traces a region where the UV environment is well attenuated.
On the other hand, aliphatic carbon has been detected toward the Galactic center (GC) or Cygnus OB2 (Adamson et al. 1990; Pendleton et al. 1994 ), but it is suppressed in molecular clouds such that H 2 O ice is detected (Chiar et al. 1996) . This means that the aliphatic carbon absorption of 3.4 µm traces a region with A V < ∼ several mag, a UV environment different from that traced by the H 2 O ice absorption.
Although the H 2 O ice and aliphatic carbon absorptions are useful for investigating the UV environment, the evaluation of these absorption features in ULIRGs has faced some difficulties. First, the shorter wavelength side of the H 2 O ice absorption spectra (λ < ∼ 2.8 µm) is difficult to observe from the ground due to atmospheric absorption. Therefore, previous ground-based observations toward ULIRGs (e.g., Imanishi et al. 2006; Risaliti et al. 2006 ) that detected these features have often needed to use extrapolated continuum levels from the longer wavelength side of the spectra to estimate the optical depth of H 2 O ice. However, an interpolated continuum level is preferable for a robust estimate of optical depth, which is difficult from ground-based observations. Second, ULIRGs usually exhibit an emission feature at 3.3 µm, which is attributed to C-H bonds of polycyclic aromatic hydrocarbons (PAHs; Duley & Williams 1981) . This feature partly overlaps with the 3.0 µm H 2 O ice and the 3.4 µm aliphatic carbon absorption features. In determining the optical depths, it is thus important to consider the PAH emission simultaneously with the H 2 O ice and aliphatic carbon absorptions.
Observing spectra ranging from 2.5 µm to 4.0 µm is needed to overcome these difficulties. AKARI, the Japanese infrared telescope launched in 2006 (Murakami et al. 2007) , offers the best opportunity to observe the H 2 O ice and the aliphatic carbon absorption features. The Infrared Camera (IRC) onboard AKARI has a near-infrared grism spectroscopic mode that provides continuous 2.5-5.0 µm spectral coverage free from telluric absorption, with good sensitivity for observing ULIRGs and enough spectral resolution to detect the features; the spectral resolution of IRC is λ/∆λ ≃ 120 at 3.6 µm (Ohyama et al. 2007) , whereas these features need λ/∆λ > ∼ 20 to be resolved.
We present the 2.5-4.0 µm (rest frame) spectra of 48 local ULIRGs obtained by the AKARI IRC. A summary of observations and a detailed description of our spectral fitting analysis are presented in section 2. The results of spectral fitting are discussed in section 3. A comparison with Galactic sources and interpretations are presented in section 4. Section 5 provides a summary and conclusion.
2 Observation and spectral analysis
Observation and data reduction
Because of our spectral range of interest (2.5-4.0 µm), we used observations made by the AKARI IRC's near-infrared channel, in which grism spectroscopic observations cover 2.5-5.0 µm (Onaka et al. 2007; Ohyama et al. 2007 ). The spectra of local ULIRGs we analyzed were taken from the AKARI mission program "AGNUL" (P.I. T. Nakagawa) which was focused on study of nearby ULIRGs and AGN. The objects observed were mostly selected from the IRAS 1 Jy sample (Kim & Sanders 1998 ). In general, AKARI near-infrared spectra have better quality in phases 1 and 2, during which the entire instrument was cooled with a combination of liquid helium and mechanical coolers.
In this paper, we analyzed the spectra observed in this period. The targets are listed in table 1. IRC data reduction was carried out with the IRC Spectroscopy Toolkit version 20150331 provided by the AKARI team. Reduction was carried out using the procedure they recommended. Eight raw frames
were stacked for constructing a 2D image after dark subtraction and bad pixels correction. The 2D
image was then dispersed in the 1 ′ × 1 ′ aperture and a spectrum was extracted within ∼ 5 pixels (∼ 5×1 ′′ .46; Onaka et al. 2007 ) along a direction perpendicular to the dispersion direction. An example of the spectra we obtained is shown in figure 1 . Imanishi et al. (2008) also presented a part of the AGNUL spectra presented in this paper. However, the reduction toolkit has since been greatly improved recently in such as the spectral response function. The updated toolkit thereby reduces spectral fringes and provides spectra with a better signal-to-noise ratio. We therefore adopted the spectra reduction we ourselves performed. Veilleux et al. (1999) unless otherwise noted. ‡ Classification by Duc et al. (1997) .
Spectral analysis
The observed spectra (λ rest = 2.5-4.0 µm) contain various interstellar medium (ISM) features, which can also be found in the Milky Way (e.g., Mori et al. 2014 ), in addition to the H 2 O ice absorption and the aliphatic carbon absorption features. Some features overlap and need to be analyzed consistently.
We thus carried out spectral fitting with various features together. The features considered in fitting are summarized in table 2. The PAH emission that peaks at 3.3 µm is the most prominent feature among them. It is known that this feature is often accompanied by weaker features (hereafter PAH subfeatures) that peak at 3.41 µm and 3.48 µm (Mori et al. 2014) . The exact origin of the PAH subfeatures is unclear, but -CH 3 and/or -CH 2 bonds on PAH molecules are thought to be involved (Li & Draine 2012 , and references therein).
The Brβ line (λ rest =2.63 µm) can also be seen in this spectral range. Other weaker hydrogen recombination lines (Pfund series) could be seen, but not as clearly as Brβ. For example, Pfγ, peaking at 3.74 µm, is the second strongest feature after Brβ in the wavelength range, but in the case B, T = 10 4 K condition, the Pfγ/Brβ intensity ratio is 0.16 (Hummer & Storey 1987) .
The function with which we performed spectral fitting is expressed by scaling factors for the emission features, τ ice (λ) the optical depth profile of the H 2 O ice absorption, c ice the scaling factor for the H 2 O ice absorption, τ ali (λ) the optical depth profile of the aliphatic absorption, and c ali the scaling factor for the aliphatic carbon absorption. The fitting parameters are a i , b j , c ice , and c ali .
We adopted the Lorentzian profile as f j for emissions associated with PAH. The spectral resolution of AKARI IRC NIR grism spectroscopy (λ/∆λ ≃ 120) is not sufficient to distinguish the PAH subfeatures from the aliphatic carbon absorption feature; therefore, these features cannot be determined separately. We thus assumed that the intensities of the PAH subfeatures were proportional to that of the 3.3 µm PAH feature, which is clearly evident in the spectra (figure 1). The I 3.4 /I 3.3 ratio, where the numerator is the intensity of the PAH subfeature at 3.4 µm and the denominator is the intensity of the PAH feature at 3.3 µm, has not been established yet in ULIRGs. We therefore estimated the proportional coefficients from the spectrum of IRAS 23128−5919 (figure 2), which exhibits the most evident PAH subfeatures among our sample. The estimated intensity ratio is I 3.4 /I 3.3 = 0.17 ± 0.01.
We assume I 3.4 /I 3.3 = 0.17 for other ULIRGs in our sample. In order to check the validity of the assumption, we then estimated the I 3.4 /I 3.3 ratio for another ULIRG, IRAS 00456−2904, which also exhibits the PAH subfeatures relatively clearly (figure 6), and found that I 3.4 /I 3.3 = 0.14 ± 0.01.
These values (I 3.4 /I 3.3 = 0.17 in IRAS 23128−5919, 0.14 in IRAS 00456−2904) are close to those found in typical Galactic sources (I 3.4 /I 3.3 ∼ 0.2 on average; Joblin et al. 1996) . We hence adopt I 3.4 /I 3.3 = 0.17 found in IRAS 23128−5919, because the PAH subfeatures are most evident in this ULIRG. The effect of a possible variation of the I 3.4 /I 3.3 ratio on the fitting will be discussed further in section 3.2. In order to make the fitting converge properly, all the full width at half maximums (FWHMs) in the fitting were also fixed. The FWHM for PAH was the averaged value determined by fitting, where we let it be a free parameter in addition to the other free parameters, described below.
We assumed that the profiles of the PAH subfeatures were also the Lorentzian, and that their FWHMs were same as the 3.3 µm PAH main feature.
We adopted the Gaussian profiles as f j for hydrogen recombination lines. We included Brβ and other weaker recombination lines in the fitting. The ratios of the intensity of the weak hydrogen recombination lines to Brβ were fixed on the basis of the case B condition in T = 10 4 K. The assump-tion regarding temperature does not seriously affect the results because of the weak temperature dependence on the intensity of these features (T = 5000 -20000 K; Hummer & Storey 1987) . Regarding the hydrogen recombination lines, the widths were determined by the spectral resolution. Note that the spectral resolution of AKARI IRC NIR grism spectroscopy corresponds to ∆v ≃ 2, 500 km/s, which is much larger than the typical rotational speed of a galaxy. It is thus expected that the hydrogen recombination lines will not have a larger FWHM than the value we adopted.
We used laboratory and astronomical data to represent the H 2 O ice and the aliphatic carbon absorption features, respectively. For the H 2 O ice absorption feature, we adopted a laboratory extinction spectrum of NH 3 :H 2 O=100:20, T = 10 K (Gerakines et al. 1996) since in Galactic molecular clouds, observed 3.0 µm H 2 O ice spectra need NH 3 contribution to express the ice profile (Knacke et al. 1982) . NH 3 forms ammonium hydrate groups, which make the absorption somewhat deeper in the 3.2-3.7 µm region.
The astronomical spectrum of IRAS 08572+3915 obtained by the IRC was used to represent the shape of τ ali (λ), because it exhibited no obvious PAH emissions that would contaminate the aliphatic carbon absorption. The continuum component was determined using a cubic spline. Galactic source GCS 3 (Chiar et al. 2000) , which is located near the GC and known as a member of the Quintuplet cluster Okuda et al. 1990 ). Those profiles have similar peak positions and shapes. We therefore use the profile seen in IRAS 08572+3915 as the template of τ ali (λ) in this study.
All the free parameters in the fitting were a i (i = 0-3), b 3.3 µm PAH , b Brβ , c ice , c ali , and a least squares fit was applied to the spectra. The hydrogen recombination lines were included in the fitting function only if their inclusion significantly improved χ 2 with a 99% confidence level
for the typical degrees of freedom ≃ 170; Bevington & Robinson 2003) . The other features were included in the fitting regardless of their detection levels.
Results

Spectral characteristics
The observed spectra and the results of the fitting are shown in figure 6. The derived optical depths, namely, τ 3.0 (= τ ice (3.0); equation 1) and τ 3.4 (= τ ali (3.4)) are summarized in we also present a brief overview of the spectra.
The observed spectra exhibit wide diversity in their shapes. As shown in figure 6 , the spectra generally exhibit a prominent PAH emission feature at 3.3 µm, indicating vigorous star-forming activity (e.g., Genzel et al. 1998; Peeters et al. 2004) . Hydrogen recombination lines are also evident in the PAH-prominent ULIRGs, although they are less apparent than the PAH features. The aliphatic carbon absorption feature is not immediately apparent in the PAH-prominent ULIRGs. However, some of them have flattened spectra around 3.4 µm, which indicate that the PAH subfeatures (emission) are canceled out by the aliphatic carbon absorption. We discuss this further below (section 3.2). On the other hand, some objects exhibit red continuums and weak PAH features, suggesting a significant AGN contribution to the spectra (e.g., IRAS 08572+3915; Nardini et al. 2008 ). The aliphatic carbon absorption sometimes appears clearly in spectra when PAH emissions are relatively weak.
Assumptions regarding features
The H 2 O ice absorption, the aliphatic carbon absorption, and the emissions from PAH molecules all overlap. Therefore, assumptions regarding these features will affect optical depth estimates, espe-cially for τ 3.4 , because at 3.4 µm there exist three major features: (1) the PAH subfeatures in emission, (2) the aliphatic carbon absorption, and (3) the 3.2-3.7 µm wing of the H 2 O ice absorption, which is observed in some Galactic sources (e.g., Smith et al. 1989; Pendleton et al. 1990; Gibb et al. 2000; Boogert et al. 2011) .
We examined the effect of assumptions regarding the PAH subfeatures and the red wing of the H 2 O ice absorption on the estimate of τ 3.4 . The assumption regarding the aliphatic carbon absorption profile was not altered, because the profile we used to carry out the fitting was similar to the one observed in the Galactic sources (e.g., GCS 3; figure 4. The aliphatic carbon optical depth τ 3.4 changes typically by no more than 5% even if the GCS 3 profile is used instead). The intensity ratio of the PAH subfeature at 3.4 µm to the PAH main feature at 3.3 µm, I 3.4 /I 3.3 , ranges from ∼ 0.06 to ∼ 0.34 in typical Galactic sources (Joblin et al. 1996) . We therefore repeated the fitting procedure, allowing I 3.4 /I 3.3 to take a value in the range of 0.06-0.34. To investigate how the red wing of the H 2 O ice absorption affects the results, we employed the profile observed in the Galactic field star 2MASS
J21240614 (Boogert et al. 2011 ) as a sample profile of the red wing. Boogert et al. (2011) reported that profiles showing the red wing are similar and independent of extinction. Therefore, we expect that we can safely use the ice profile of 2MASS J21240614 as a sample of the red wing.
To summarize, we repeated spectral fitting, allowing the intensity ratio of the PAH main feature to the subfeature, I 3.4 /I 3.3 , to take a different value (I 3.4 /I 3.3 = 0.06-0.34) and the ice profile to take a different profile (the laboratory profile or the profile observed in the Galactic field star 2MASS J21240614). We found that the changes of assumptions resulted in systematic uncertainty in the optical depth of aliphatic carbon of ∼ 25%. The average statistical error in the fitting is ∼ 12%.
The following discussions are based on the results with our original assumptions (I 3.4 /I 3.3 = 0.17, laboratory ice profile) for simplicity. These changes of assumptions do not vitiate the following discussion.
Discussion
Comparison with the ISM in the Milky Way
H2O ice
In star-forming regions in the Milky Way, the interstellar extinction and the optical depth of H 2 O ice are known to correlate with each other. Whittet et al. (2001) found τ 3.0 = 0.072(A V − 3.2) for the Taurus dark cloud, the most well-studied low-mass star-forming region. H 2 O ice is detected only along the lines of sight with A V > 3.2 mag. To compare this relation with those in ULIRGs, we used the 9.7 µm silicate optical depth τ 9.7 to infer A V in a ULIRG using a relation in the Milky Way A V /τ 9.7 = 18.0 (Whittet 2003 and references therein). Silicate optical depth τ 9.7 and the references are summarized in table 3. (within ∼ 1 kpc) regions (e.g., Soifer et al. 2000) . τ 3.0 and τ 9.7 , both of which are dust features, therefore likely reflect the local condition in the nuclear regions. The observed low τ 3.0 /τ 9.7 indicates that high-mass star-forming activity is predominant in nuclear starbursts in local ULIRGs. This is also consistent with the high star-formation density in local ULIRGs (Lutz et al. 2016) , because the high-density environment leads to a high Jeans mass and an intense radiation field that destroys the H 2 O ice mantle. (Whittet et al. 1988; Pendleton & Chiar 1997) , stars in the GC and Cygnus OB2 (Wickramasinghe & Allen 1980; Figer et al. 1999; Chiar et al. 2002; Gibb et al. 2004) are also shown. Filled black diamonds denote the Taurus dark cloud and the other symbols denote the same as figure 7.
Aliphatic carbon
Extinction versus the optical depth of aliphatic carbon, τ 3.4 , are plotted in figure 8. Our ULIRG sample generally exhibits the aliphatic carbon absorption, which also supports the conclusion that a significant number of clouds, other than low-mass star-forming clouds, contribute to population of the interstellar clouds in a ULIRG (section 4.1.1), because the aliphatic carbon absorption is suppressed in Galactic low-mass star-forming regions. It is worth noting that some ULIRGs exhibit higher ratios of the optical depth of aliphatic carbon to extinction than do Galactic sources, unlike the H 2 O ice optical depth, for which the entirety of our ULIRG sample exhibits lower ratios to extinction than Taurus (figure 7).
We present a plot of τ 3.0 /τ 9.7 versus τ 3.4 /τ 9.7 in figure 9 to underline the difference between the distributions of the τ 3.0 /τ 9.7 ratio and the τ 3.4 /τ 9.7 ratio. Note that in order to avoid uncertainty about the conversion, we hereafter discuss using τ 9.7 instead of A V (in ULIRGs we derived from a widely thought to trace the diffuse ISM (e.g., Chiar et al. 2000) . This may lead to a straightforward interpretation: a resemblance in terms of τ 3.0 /τ 9.7 and τ 3.4 /τ 9.7 between GC sources or Cygnus OB2
and ULIRGs indicates that the dust in ULIRGs is dominated by the diffuse ISM, where stars do not form. However, this interpretation clearly contradicts the well-accepted conclusion that ULIRGs are generally dominated by starburst activity (Nardini et al. 2008; Nardini et al. 2010 ). This paradox could be instead interpreted as follows: star formation is ongoing in local ULIRGs but the UV environment there is as intense as the diffuse ISM in the Milky Way. As we discussed in section 4.1.1, ULIRGs in our sample consist largely of high-mass star-forming regions. Therefore, the resemblance can be interpreted that high-mass star-forming regions in those ULIRGs have a UV environment as intense as in the diffuse ISM in the Milky Way. However, it is also clear in figure 9 that the observed distribution cannot be reproduced by a simple linear combination of two UV environments in the Milky Way, that is, the well-attenuated UV environment observed in Taurus-like low-mass star-forming regions and the intense UV environment observed in the diffuse ISM, which is traced by observations toward the GC or Cygnus OB2. The observed distribution exhibits a large scatter especially in the τ 3.4 /τ 9.7 ratio.
4.2 Interpretations of τ 3.4 /τ 9.7 diversity
In this subsection, we discuss what causes the diversity of the τ 3.4 /τ 9.7 ratio. The diversity of this ratio has been reported in some studies (e.g., Imanishi 2000; Sajina et al. 2009 ). We here investigate two effects that could affect the τ 3.4 /τ 9.7 ratio in our sample ULIRGs: the geometric temperature gradient (Imanishi 2000) and the diversity of the UV environment in star-forming regions. The former could enhance the τ 3.4 /τ 9.7 ratio and the latter, in an intense UV environment, could reduce the ratio.
Obscuring geometry
In this subsection, we briefly discuss obscuring geometry of the sources before discussing the τ 3.4 /τ 9.7
diversity because the geometric temperature gradient model assumes that carriers of an absorption feature veil continuum sources (screen geometry).
In screen geometry, optical depth τ sc is simply expressed as τ sc = − ln (F/F 0 ), where F is observed flux and F 0 is its continuum component. However, this conversion is inappropriate when sources and absorbers are mixed. Well-mixed geometry is an extreme case in which sources and absorbers are completely mixed along a line of sight. In well-mixed geometry, the optical depth of a feature for given F/F 0 is calculated by
where r is the extinction coefficient ratio r = α f /α d . The coefficients α d and α f are extinction coefficients for dust extinction and the feature, respectively, in units of (length) −1 . An important aspect of well-mixed geometry is that F/F 0 cannot be smaller than (1 + r) −1 even if τ → ∞. In other words, if an observed flux ratio F/F 0 is lower than (1 + r) −1 , the system cannot be well-mixed.
The extinction coefficient ratio r for the 3.4 µm aliphatic carbon absorption feature is written as r 3.4 = 1.086 τ 3.4 τ 9.7
Equation 3 suggests that r 3.4 is at most 0.2 when the largest τ 3.4 /τ 9.7 ratio observed toward GCIRS3
(τ 3.4 /τ 9.7 =0.086), τ 9.7 /A V = 1/9 toward the GC (Roche & Aitken 1985) , and an extinction curve proposed by Weingartner and Draine (2001) for R V = 3.1, are assumed. Consequently, if τ sc 3.4 > ln (1 + 0.2) > 0.2, then it can be conservatively concluded that that system is not well mixed. 25% of our sample (12/48 objects) have τ 3.4 larger than 0.2.
The extinction coefficient ratio r for the 9.7 µm silicate absorption feature, r 9.7 , can also be expressed as r 9.7 = 1.086
where A dust 9.7 represents featureless extinction at 9.7 µm, which means extinction not due to Si-O bonds in silicate grains. Interpolating the sides of the 9.7 µm extinction feature in the extinction curve for R V = 3.1, we calculated A V /A dust 9.7 = 0.0166 −1 . We also assumed τ 9.7 /A V = 1/18.0 (Whittet 2003) .
Consequently, r 9.7 = 3.63, and this leads to the conclusion that F/F 0 at 9.7 µm cannot be smaller than 0.216 in well-mixed geometry. If F/F 0 > 0.216 is interpreted in the screen geometry, then the lower limit of the flux ratio corresponds to the upper limit of τ sc 9.7 < 1.53. 62% of our ULIRG sample where τ 9.7 is available (28/45 objects) have τ 9.7 > 1.53, and these ULIRGs are therefore not in well-mixed geometry.
Geometric temperature gradient
Imanishi (2000) observed the 3.4 µm absorption feature toward obscured AGN (based on optical or X-ray classification and strong silicate absorption at ∼ 10 µm) and found that some exhibited larger τ 3.4 /τ 9.7 ratios than Galactic sources. Imanishi et al. (2008) argued that large (> 0.2) τ 3.4 was a sign of buried AGN, because the sources presented in Imanishi and Maloney (2003) that exhibit τ 3.4 > 0.2 are known to have buried AGN. If a luminous central source such as AGN is buried in dust, hot dust responsible for the 3.4 µm continuum emission is expected to reside closer to AGN than dust emitting the 9.7 µm continuum. This leads to the enhanced τ 3.4 /τ 9.7 ratio (Imanishi 2000) . Imanishi (2000) therefore proposed that the enhanced τ 3.4 /τ 9.7 ratio indicates a strong, geometric dust temperature gradient. Imanishi et al. (2007) extended this "geometric temperature gradient" model to argue that enhanced τ 3.4 /τ 9.7 in a ULIRG indicates the presence of buried AGN.
We check if the enhanced τ 3.4 /τ 9.7 ratio arises only when buried AGN exist in our sample.
First, we show the relation between the optical depth of aliphatic carbon and its ratio to the silicate dust in figure 10 . Clearly, large τ 3.4 (> 0.2), which indicates screen geometry (see section 4.2.1), indeed always accompanies a large τ 3.4 /τ 9.7 ratio. This is consistent with the geometric temperature gradient model that needs screen geometry. We also note on the silicate absorption feature. τ 9.7
also cannot be larger than a certain value, 1.5, in well-mixed geometry of sources and the Galactic ISM (see section 4.2.1). Out of 12 ULIRGs which exhibit large τ 3.4 (> 0.2), 9 ULIRGs also exhibit large τ 9.7 (> 1.5), which is consistent with screen geometry. The remaining 3 ULIRGs are IRAS 02480−3745 (τ 9.7 = 1.4), IRAS 19254−7245 (τ 9.7 = 1.345), and IRAS 14394+5332 (where τ 9.7 is not available). τ 9.7 in IRAS 02480−3745 and IRAS 19254−7245 are slightly smaller than 1.5. In summary, the sources which exhibit the enhanced τ 3.4 /τ 9.7 ratio generally need screen geometry and it is consistent with the geometric temperature gradient model. Next, we investigate the relations between τ 3.4 and (buried) AGN signs. The signs we consider here are (1) optical classification (table 3), (2) NIR color, and (3) the 3.3 µm PAH emission.
For (1) optical classification, not all the Seyfert galaxies have enhanced τ 3.4 /τ 9.7 (e.g., Mrk 273, a Seyfert 2 ULIRG). Moreover, not only Seyfert-type ULIRGs but also non-Seyfert galaxies exhibit large τ 3.4 /τ 9.7 , and the two types of ULIRGs seem to distribute similarly, as for the τ 3.4 /τ 9.7 ratio (figure 9). Quantitatively, Seyfert galaxies in our sample have weighted averages of τ 3.0 /τ 9.7 = 0.045 ± 0.004 and τ 3.4 /τ 9.7 = 0.050 ± 0.004 for those with positive τ 3.0 /τ 9.7 or τ 3.4 /τ 9.7 , whereas non-Seyfert galaxies in our sample have τ 3.0 /τ 9.7 = 0.072 ± 0.002 and τ 3.4 /τ 9.7 = 0.071 ± 0.003.
Note that for non-Seyfert galaxies, IRAS 08572+3915 has by far the highest weight in determination of the weighted averages (10 times as large as the second highest weight). If the weighted average is calculated without IRAS 08572+3915, non-Seyfert galaxies have τ 3.0 /τ 9.7 = 0.110 ± 0.004 and τ 3.4 /τ 9.7 = 0.061 ± 0.003. The τ 3.4 /τ 9.7 ratio exhibits significantly less dependence on the presence of optical Seyferts indications, compared to the τ 3.0 /τ 9.7 ratio.
If AGN are heavily buried in dust, optical classification could miss an AGN sign. (2) NIR color is hence sometimes used to discern optically elusive AGN (Risaliti et al. 2006; Sani et al. 2008; Risaliti et al. 2010) , because optically elusive AGN imply that they are enshrouded by a large amount of dust. AGN radiation heats up the enshrouding dust as high as ∼ 10 2 K (e.g., Armus et al. 2007 ). This makes the infrared spectrum peak in the MIR region and reddens NIR color. Risaliti et al. (2010) classified a ULIRG with spectral slope Γ < ∼ −0.5 (F λ ∝ λ Γ ), which corresponds to F ν (4.0 µm)/F ν (2.5 µm) < ∼ 2.0, as pure starburst or unobscured AGN, on the basis of known AGN or starburst. Figure 11 shows the observed flux ratio F ν (4.0 µm)/F ν (2.5 µm) (in the rest-frame) versus τ 3.4 /τ 9.7 . As shown in figure 11 , ULIRGs in which NIR color indicates the presence of buried AGN (F ν (4.0 µm)/F ν (2.5 µm) > 2.0) indeed exhibit a large τ 3.4 /τ 9.7 ratio; however, those with starburstlike NIR color (F ν (4.0 µm)/F ν (2.5 µm) < 2.0) also have a variety of τ 3.4 /τ 9.7 ratios, spanning from 0 to ∼0.28. The enhanced τ 3.4 /τ 9.7 ratio is observed regardless of NIR color.
Hard UV radiation from AGN has been proposed as a destruction source of PAH molecules (Moorwood 1986; Imanishi & Dudley 2000) . (3) PAH emission is therefore also a useful tool for diagnosing AGN contribution. Imanishi and Dudley (2000) suggested that an equivalent width of the 3.3 µm PAH feature EW 3.3 lower than 30 nm is an indication of AGN. EW 3.3 = 30 nm corresponds to (PAH/cont) 3.3 = 0.59, where (PAH/cont) 3.3 is the PAH/continuum flux ratio at 3.3 µm (i.e., f Figure 12 shows a plot of (PAH/cont) 3.3 versus τ 3.4 /τ 9.7 . ULIRGs in which (PAH/cont) 3.3 suggests the presence of AGN tend to have larger τ 3.4 /τ 9.7 . However, figure 12 clearly indicates that ULIRGs with significant PAH emissions still exhibit a wide distribution of τ 3.4 /τ 9.7 , as high as ∼0.28.
To summarize, for ULIRGs with enhanced τ 3.4 /τ 9.7 , observed τ 3.4 and τ 3.4 /τ 9.7 are consistent with the geometric temperature gradient model, but on the basis of three AGN indications (optical classification, red NIR color, and weak PAH emission at 3.3 µm), we conclude that the central source that causes geometric temperature gradient is not always AGN.
Diversity of the UV environment
The second scenario that we consider as the cause of the τ 3.4 /τ 9.7 diversity is the diversity of the UV environment in star-forming regions. Mennella et al. (2001) experimentally showed that aliphatic carbon that produces the 3.4 µm absorption feature is destroyed by UV radiation. In contrast, silicate dust is not so easily destroyed by UV radiation, so τ 9.7 does not change even in a relatively intense UV radiation field. The different natures of aliphatic carbon and silicate could provide an alternative explanation for the diversity of the τ 3.4 /τ 9.7 ratio in the context of the UV environment. Assuming that production of the 3.4 µm absorption carrier balances destruction by UV radiation, we can interpret the diversity of τ 3.4 /τ 9.7 as an indication of a different UV environment in high-mass star-forming regions in ULIRGs; lower τ 3.4 /τ 9.7 ratios than those in GC sources or Cygnus OB2 indicate that a UV field stronger than that in Galactic sources irradiates dust in ULIRGs and reduces τ 3.4 by destroying aliphatic carbon.
To check the validity of the idea that an intense UV environment reduces the τ 3.4 /τ 9.7 ratio, we assess the correlation between the ratio of the [C II] 158 µm line luminosity to the far-infrared luminosity, L [C II] /L FIR , and the τ 3.4 /τ 9.7 ratio. The [C II] 158 µm line is a major coolant in neutral interstellar gas, whereas FIR emission generally represents gas heating. If the collisional excitation by gas is assumed for the [C II] line, the L [C II] /L FIR ratio is roughly characterized by G/n H , where G is the UV energy density. It is known that local ULIRGs have significantly lower
than normal star-forming galaxies (commonly referred to as [C II] deficit; e.g., Luhman et al. 1998 ).
The mechanisms proposed to explain the [C II] deficit, such as "high G 0 /n in photo-dissociation regions (PDR)" (Malhotra et al. 2001; Farrah et al. 2013; Díaz-Santos et al. 2013) , indicate that dust is exposed to a more intense UV environment in the ULIRGs with the [C II] deficit. Figure 13 shows the correlation between τ 3.4 /τ 9.7 and L [C II] /L FIR . The τ 3.4 /τ 9.7 ratio decreases together with the L [C II] /L FIR ratio (the correlation coefficient r is 0.66). This correlation therefore implies that τ 3.4 /τ 9.7 diversity reflects the UV environment in star-forming regions: τ 3.4 /τ 9.7 ratios lower than those observed toward the Galactic sources indicate that destruction by UV radiation prevails.
Muñoz discussed the balance of the destruction and formation of aliphatic carbon. According to their calculation, if the ratio of the UV energy density to the hydrogen number density G/n H > 3 (G 0 cm 3 ) (G 0 corresponds to the UV energy density in Galactic diffuse clouds), the destruction rate of aliphatic carbon surpasses the formation rate of aliphatic carbon in the Milky Way. It can therefore be expected that low τ 3.4 /τ 9.7 ratios observed toward some ULIRGs indicate that PDRs in local ULIRGs have G/n H > 2. This criterion is in good agreement with our criterion, G/n H > 3, indicated by our observed τ 3.4 /τ 9.7 ratio.
In conclusion, we propose that two separate effects account for the τ 3.4 /τ 9.7 diversity. One is the geometric temperature gradient scenario, which can enhance the τ 3.4 /τ 9.7 ratio. ULIRGs with a AGN sign (optical classification, red NIR color, or weak PAH emission at 3.3 µm) tend to exhibit a large τ 3.4 /τ 9.7 ratio; however, we also found that this effect could be significant in ULIRGs without the AGN signs. The other effect is the diversity of the UV environment in star-forming regions, in which scenario the τ 3.4 /τ 9.7 ratio can be reduced if G/n H > 3. The criterion for the reduction of the aliphatic carbon optical depth is comparable to that obtained in previous research to explain the 
Summary and conclusion
We have presented observation results for 48 local ULIRGs using AKARI IRC NIR grism spectroscopy. We acquired the NIR spectra (2.5-4.0 µm in the rest frame) and estimated the optical depth at 3.0 µm by H 2 O ice and at 3.4 µm by aliphatic carbon. The optical depth ratios of H 2 O ice to silicate, τ 3.0 /τ 9.7 , in the ULIRGs are always lower than those in the Taurus dark cloud, a UV-attenuated low-mass star-forming region in the Milky Way, and the ULIRGs have values rather similar to those toward the GC or Cygnus OB2, where dust is exposed to more intense UV environment than that in the Taurus dark cloud. This suggests that not only lowmass star-forming regions but also a significant amount of high-mass star-forming regions compose ULIRGs.
On the other hand, the ULIRGs exhibit a variety of optical depth ratios of aliphatic carbon to silicate, some exhibiting values significantly higher or lower than the Galactic values. As Imanishi (2000) proposed, the geometric temperature gradient model can qualitatively explain large τ 3.4 /τ 9.7 ratios: the model proposes that if dust enshrouds a luminous central source (often taken to be AGN), hot dust dominating the 3.4 µm continuum resides deeper than does hot dust dominating the 9.7 µm continuum. On the basis of optical classification, NIR color (F ν (4.0 µm)/F ν (2.5 µm)), or the PAH emission to continuum ratio (PAH/cont) 3.3 , we examined the connection between the large τ 3.4 /τ 9.7
ratios and the presence of AGN, as some previous studies have suggested. Our results show that not only AGN but also starburst-dominated ULIRGs exhibit significantly large τ 3.4 /τ 9.7 ratios; therefore, the geometric temperature gradient also occurs in ULIRGs without the AGN signs. Regarding the low τ 3.4 /τ 9.7 ratio, the correlation between τ 3.4 /τ 9.7 and L [C II] /L FIR ([C II] deficit) suggests that the high ratio of UV environment to hydrogen density G/n H (>3) in star-forming regions in the ULIRGs causes the destruction of aliphatic carbon, which is the carrier of the 3.4 µm absorption, and lowers the τ 3.4 /τ 9.7 ratio. We propose that the combination of the geometric temperature gradient effect and the high G/n H ratio in the star-forming regions in ULIRGs is the cause of the diversity of the τ 3.4 /τ 9.7 ratio.
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